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CLOSED CELT. TRENCH METAL-OXIDE-SEMICONDT ICTOR FIELD EFFECT 

TRANSISTOR 



5 FIELD OF THE INVENTION 

Embodiments of the present invention relate to metal-oxide-semiconductor field 
effect transistors (MOSFET), and more particularly to vertical MOSFET devices having 
a trench gate geometry. 

BACKGROUND OF THE INVENTION 

10 Referring to Figure 1, a cross sectional perspective view of a striped trench metal- 

oxide-semiconductor field effect transistor (TMOSFET) 100 according to the 
conventional art is shown. The striped TMOSFET 100 comprises a plurality of source 
contacts 1 10, a plurality of source regions 1 15, a plurality of gate regions 120, a plurality 
of gate insulator regions 125, a plurality of body regions 130, a drain region 135, 140 and 

1 5 drain contact 145. The drain region 135, 140 may optionally include a first drain portion 
140 and a second drain portion 135. 

The body regions 130 are disposed above the drain region 135, 140. The source 
regions 115, gate regions 120 and the gate insulator regions 125 are disposed within the 
body regions 130. The gate regions 120 and the gate insulator regions 125 are formed as 
20 parallel-elongated structures. The gate insulator region 125 surrounds the gate region 120. 
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Thus, the gate regions 120 are electrically isolated from the surrounding regions by the 
gate insulator regions 125. The gate regions 120 are coupled to form a common gate of the 
device 100. The source regions 1 15 are formed as parallel-elongated structures along the 
periphery of the gate insulator regions 125. The source regions 1 15 are coupled to form a 
5 common source of the device 100, by the source contacts 1 10. Although shown as a 
plurality of individual source contacts 1 10, it is appreciated that the source contacts 110 
may be implemented as a single conductive layer coupling all the source regions 115. The 
source contacts 110 also couple the source regions 1 15 to the body regions 130. 

The source regions 1 15 and the drain region 140 are heavily n-doped (N+) 
10 semiconductor, such as silicon doped with phosphorous or arsenic. The body regions 
130 are p-doped (P) semiconductor, such as silicon doped with boron. The gate region 
120 is heavily n-doped (N+) semiconductor, such as polysilicon doped with 
phosphorous. The gate insulator regions 125 may be an insulator, such as silicon dioxide. 

When the potential of the gate regions 120, with respect to the source regions 115, 
1 5 is increased above the threshold voltage of the device 1 00, a conducting channel is induced 
in the body region 130 along the periphery of the gate insulator regions 125. The striped 
TMSOFET 100 will then conduct current between the drain region 140 and the source 
regions 115. Accordingly, the device is in its on state. 

When the potential of the gate regions 120 is reduced below the threshold voltage, 
20 the channel is no longer induced. As a result, a voltage potential applied between the 
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drain region 140 and the source regions 115 will not cause current to flow there between. 
Accordingly, the device 100 is in its off state and the junction formed by the body region 
130 and the drain region 140 supports the voltage applied across the source and drain. 

If the drain region 135, 140 comprises a second drain portion 135 disposed above 
5 a first drain portion 140, the second portion of the drain region 135 is lightly n-doped (N- 
) semiconductor, such as silicon doped with phosphorous or arsenic, and the first portion 
of the drain region 140 is heavily n-doped (N+) semiconductor, such as silicon doped 
with phosphorous or arsenic. The lightly n-doped (N-) second portion of the drain region 
135 results in a depletion region that extends into both the body regions 130 and the 
10 second portion of the drain region 135, thereby reducing the punch through effect. 
Accordingly, the lightly n-doped (N-) second portion of the drain region 135 acts to 
increase the breakdown voltage of the striped TMOSFET 100. 

The channel width of the striped TMOSFET 100 is a function of the width of the 
plurality of the source regions 115. Thus, the striped TMOSFET 100 provides a large 
1 5 channel width to length ratio. Therefore, the striped TMOSFET may advantageously be 
utilized for power MOSFET applications, such as switching elements in a pulse width 
modulation (PWM) voltage regulator. 

Referring to Figure 2, a cross sectional perspective view of a closed cell trench 
metal-oxide-semiconductor field effect transistor (TMOSFET) 200 according to the 
20 conventional art is shown. The closed cell TMOSFET 200 comprises a plurality of 
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source contacts 210, a plurality of source regions 215, a gate region 220, a gate insulator 
region 225, a plurality of body regions 230, a drain region 235, 240 and a drain contact 
245. The drain region 235, 240 may optionally include a first drain portion 240 and a 
second drain portion 235. 

5 The body regions 230, the source regions 21 5, the gate region 220 and the gate 

insulator region 225 are disposed above the drain region 235, 240. A first portion of the 
gate region 220 and the gate insulator region 225 is formed as substantially parallel- 
elongated structures 221 . A second portion of the gate region 220 and the gate insulation 
region 225 is formed as substantially normal-to-parallel elongated structures 222. The 

10 first and second portions of the gate region 220 are all interconnected and form a plurality 
of cells. The body regions 230 are disposed within the plurality of cells formed by the 
gate region 220. 

The gate insulator region 225 surrounds the gate region 220. Thus, the gate region 
220 is electrically isolated from the surrounding regions by the gate insulator region 225. 
15 The source regions 215 are formed in the plurality of cells, along the periphery of the gate 
insulator region 225. 

The source regions 215 are coupled to form a common source of the device 200, 
by the source contacts 210. Although shown as a plurality of individual source contacts 
210, it is appreciated that the source contacts 210 may be implemented as a plurality of 
20 conductive strips each coupling a plurality of source regions 215, a single conductive layer 
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coupling all the source regions 215, or the like. The source contacts 210 also couple the 
source regions 215 to the body regions 230. 

The source regions 215 and the drain region 240 are heavily n-doped (+N) 
semiconductor, such as silicon doped with phosphorous or arsenic. The body regions 
5 230 are p-doped (P) semiconductor, such as silicon doped with boron. The gate region 
220 is heavily n-doped semiconductor (N+), such as polysilicon doped with 
phosphorous. The gate insulator region 225 may be an insulator, such as silicon dioxide. 

When the potential of the gate region 220, with respect to the source regions 215, 
is increased above the threshold voltage of the device 200, a conducting channel is induced 
10 in the body region 230 along the periphery of the gate insulator region 225. The device 
200 will then conduct current between the drain region 240 and the source regions 215. 
Accordingly, the device 200 is in its on state. 

When the potential of the gate region 220 is reduced below the threshold voltage, 
the channel is no longer induced. As a result, a voltage potential applied between the 
1 5 drain region 240 and the source regions 2 1 5 will not cause current to flow there between. 
Accordingly, the device is in its off state and the function formed by the body region 230 
and the drain region 240 supports the voltage applied across the source and drain. 

If the drain region 235, 240 comprises a second portion 235 disposed above a 
second portion 240, the second portion of the drain region 235 is lightly n-doped (N-) 
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semiconductor, such as silicon doped with phosphorous or arsenic, and the first portion 
of the drain region 240 is heavily n-doped (N+) semiconductor, such as silicon doped 
with phosphorous. The lightly n-doped (N-) second portion of the drain region 235 
results in a depletion region that extends into both the body regions 230 and the second 
5 portion of the drain region 235, thereby reducing the punch through effect. Accordingly, 
the lightly n-doped (N-) second portion of the drain region 235 acts to increase the 
breakdown voltage of the closed cell TMOSFET 200. 

The channel width of the closed cell TMOSFET 200 is a function of the sum of 
the width of the source regions 215. Thus, the closed cell TMOSFET 200 geometry 
1 0 advantageously increases the width of the channel region, as compared to the striped 
TMOSFET 100. Accordingly, the closed cell TMSOFET 200 has a relatively low 
channel resistance (e.g., on resistance), as compared to the striped TMOSFET 100 
geometry. The low channel resistance reduces power dissipated in the closed cell 
TMOSFET 200, as compared to the striped TMOSFET 100. 

1 5 Similarly, the gate-to-drain capacitance of the closed cell TMOSFET 220 is a 

function of the area of overlap between the bottom of the gate region 220 and the drain 
region 240. Accordingly, the closed cell TMOSFET 200 geometry suffers from a higher 
gate-to-drain capacitance, as compared to the striped TMOSFET 100. The relatively 
high gate to drain capacitance limits the switching speed of the closed cell TMOSFET 

20 200, as compared to the striped TMOSFET 100. 



V1SH-8728 



SUMMARY OF THE INVENTION 

Accordingly, embodiments of the present invention provide an improved closed 
cell trench metal-oxide-semiconductor field effect transistor (TMOSFET). Embodiments 
of the present invention provide a closed cell TMOSFET having a low on resistance, as 
5 compared to an equivalent striped cell TMOSFET. Further, embodiments of the present 
invention provide a closed cell TMOSFET having a low gate-to-drain capacitance. 

Embodiments of the present invention provide a closed cell TMOSFET 
comprising a combination of open gate-drain regions, arranged in a first plurality of 
parallel regions, and closed gate-drain regions, arranged in a second plurality of parallel 
1 0 regions normal to the open gate-drain regions. 

More specifically, embodiments of the present invention provide a closed cell 
TMOSFET comprising a drain, a body region disposed above the drain region, a gate 
region disposed in the body region, a gate insulator region disposed about the gate region, 
a plurality of source regions disposed at the surface of the body region proximate to the 

1 5 periphery of the gate insulator region. A first portion of the gate region and the gate 

insulator region are formed as parallel-elongated structures. A second portion of the gate 
region and the gate insulator region are formed as normal-to-parallel elongated structures 
(e.g., in the plane of the surface of the body region, the second portion comprise a 
plurality of parallel elongated structures formed at right angles to the first portion of the 

20 gate region and gate insulator region). The body region selectively blocks a portion of the 
overlapping gate region and drain region. 
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Embodiments of the present invention also provide a method of fabricating a 
closed cell TMOSFET having a plurality of open trench bottom portions and a plurality 
of closed trench bottom portions. The method of fabrication comprises growing a lightly 
n-doped epitaxial silicon layer on a heavily n-doped silicon substrate. The epitaxial 
deposited silicon layer is selectively etched to form a first set of parallel trenches and a 
second set of parallel trenches normal-to-parallel to the first set of trenches. The silicon 
proximate the first and second set of trenches is oxidized to form a gate oxide region. A p- 
type impurity is implanted in the first set of parallel trench bottoms. The p-type 
impurity is not implanted in the second set of parallel trenches, which are perpendicular 
to the first set. The first and second sets of trenches are filed with polysilicon to form a 
gate region therein. A top portion of the lightly n-doped epitaxial silicon layer is 
implanted with a p-type impurity to form a p-doped body. A portion of the body region 
proximate the periphery of the gate oxide region is implanted to form a heavily n-doped 
source region. 
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RRTRF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated by way of example and not by way of 
limitation, in the figures of the accompanying drawings and in which like reference 
numerals refer to similar elements and in which: 

5 Figure 1 shows a cross sectional perspective view of a striped trench metal-oxide- 

semiconductor field effect transistor (TMOSFET) according to the conventional art. 

Figure 2 shows a cross sectional perspective view of a closed cell TMOSFET 
according to the conventional art. 

Figure 3 A shows a cross sectional perspective view of a closed cell TMOSFET, in 
10 accordance with one embodiment of the present invention. 

Figure 3B shows a cross sectional perspective view of a closed cell TMOSFET, in 
accordance with one embodiment of the present invention. 

Figure 4 shows a cross sectional perspective view of another closed cell 
TMOSFET, in accordance with one embodiment of the present invention. 

1 5 Figures 5 A-5C show a flow diagram of a method of fabricating a closed cell 

TMOSFET, in accordance with one embodiment of the present invention. 



VISH-8728 



Figures 6A-6C show a flow diagram of another method of fabricating a closed cell 
TMOSFET, in accordance with one embodiment of the present invention. 

Figures 7A-7C show a flow diagram of another method of fabricating a closed cell 
TMOSFET, in accordance with one embodiment of the present invention. 
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DFT AILED DESCRI PTION OF THE INVENTION 

Reference will now be made in detail to the embodiments of the invention, 
examples of which are illustrated in the accompanying drawings. While the invention will 
be described in conjunction with these embodiments, it will be understood that they are 

5 not intended to limit the invention to these embodiments. On the contrary, the invention 
is intended to cover alternatives, modifications and equivalents, which may be included 
within the spirit and scope of the invention as defined by the appended claims. 
Furthermore, in the following detailed description of the present invention, numerous 
specific details are set forth in order to provide a thorough understanding of the present 

10 invention. However, it is understood that the present invention may be practiced without 
these specific details. In other instances, well-known methods, procedures, components, 
and circuits have not been described in detail as not to unnecessarily obscure aspects of 
the present invention. 

Referring to Figure 3 A, a cross sectional perspective view of a closed cell trench 
1 5 metal-oxide-semiconductor field effect transistor (TMOSFET) 300, in accordance with 
one embodiment of the present invention, is shown. The closed cell TMOSFET 300 
comprises a plurality of source contacts 310, a plurality of source regions 315, a gate 
region 320, a gate insulator region 325, a body region 330, a drain region 335, 340 and a 
drain contact 345. The drain region 335, 340 may optionally include a first drain portion 
20 340 and a second drain portion 335. 



VISH-8728 



The body regions 330, the source regions 315, the gate region 320 and the gate 
insulator region 325 are disposed above the drain region 335, 340. A first portion of the 
gate region 320 and the gate insulator region 325 are formed as substantially parallel- 
elongated structures 321 . A second portion of the gate region 320 and the gate insulation 

5 region 325 are formed as substantially normal-to-parallel elongated structures 322 (e.g., in 
the plane of the surface of the body region, the second portion comprise a plurality of 
substantially parallel elongated structures formed at right angles to the first portion of the 
gate region and gate insulator region). The first and second portions of the gate region 320 
are all interconnected and form a plurality of cells. The body regions 330 are disposed 

1 0 within the plurality of cells formed by the gate region 320. A third portion 350 of the 

drain region 335, 340 extends to the bottom of the first portion of the gate insulator region 
325. 

Accordingly, the closed cell TMOSFET 300, in accordance with embodiments of 
the present invention, comprises a plurality of open gate-drain regions 331 (e.g., 
1 5 selectively blocked by a portion of the body region 330) arranged with respect to the 
second plurality of parallel structures 322. The closed cell TMOSFET 300 further 
comprises a plurality of closed gate-drain regions 350 (e.g., the drain region 335 overlaps 
the gate region 320) arranged with respect to the first plurality of parallel structures 321 
that are normal to the open gate-drain regions 331. 

20 The gate insulator region 325 surrounds the gate region 320. Thus, the gate region 

320 is electrically isolated from the surrounding regions by the gate insulator region 325. 
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The source regions 3 15 are formed in the plurality of cells, along the periphery of the gate 
insulator region 325. The source regions 315 are coupled to form a common source of the 
device, by the source contacts 310. The source contacts 310 also couple the source 
regions 3 1 5 to the body region 330. 

5 In one implementation, the source regions 3 1 5 and the drain region 335, 340 are 

heavily n-doped (N+) semiconductor, such as silicon doped with phosphorous or arsenic. 
The body region 330 is p-doped (P) semiconductor, such as silicon doped with boron. 
The gate region 320 is heavily n-doped (N+) semiconductor, such as polysilicon doped 
with phosphorous. The gate insulator region 325 may be an oxide, such as silicon dioxide 

10 or the like. 

When the potential of the gate region 320, with respect to the source regions 315, 
is increased above the threshold voltage of the device 300, a conducting channel is induced 
in the body region 330 along the periphery of the gate insulator region 325. The device 
300 will then conduct current between the drain region 340 and the plurality of source 

1 5 regions 315. Accordingly, the device 300 is in is on state. Charge flows from the 

proximity of the extended portion of the drain region 350, which overlaps the bottom of 
the first portion of the gate region 320, through the induced channel proximate the first 
portion of the gate region 320, and into the source regions 315. Charge also raps around 
from the proximity of the extended portion of the drain region 350, which overlaps the 

20 bottom of the first portion of the gate region 320, through the induced channel proximate 
the second portion of the gate insulator region 320, and into the source regions 315. 
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When the potential of the plurality of gate regions 320 is reduced below the 
threshold voltage, the channel is no longer induced. As a result, a voltage potential 
applied between the drain region 335, 340 and the source regions 315 will not cause 
current to be conducted there between. Accordingly, the device 300 is in its off state and 
the junction of the body region 330 and the drain region 335, 340 supports the voltage 
applied across the source region 315 and the drain region 335, 340 

If the drain region 335, 340 comprises a second drain portion 335 disposed above 
a first portion 340 of the drain region, the second portion of the drain region 335 is lightly 
n-doped (-N) semiconductor, such as silicon doped with phosphorous or arsenic, and the 
first portion of the drain region 340 is heavily n-doped (N+) semiconductor, such as 
silicon doped with phosphorous. The lightly n-doped (-N) second portion of the drain 
region 335 results in a depletion region that extends into both the body region 330 and the 
second portion of the drain region 335, thereby reducing the punch through effect. Thus, 
the lightly n-doped (-N) second portion of the drain region 335 acts to increase the 
breakdown voltage of the closed cell TMOSFET 310. 

The width of the channel remains a function of the sum of the lengths of the 
source regions 315. Hence, the width of the channel region is substantially equal to the 
legacy closed cell TMOSFET 200. Therefore, the on resistance (Rds-on) of the device 
300 is substantially equal to the legacy closed celt TMOSFET 200. 
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The induced channel comprises a gate-to-source capacitance. The gate region 320, 
the gate insulator region 325 and the drain region 335, 340 also comprise a gate-to-drain 
capacitance. The portions of the body region 331 disposed between the drain region 335, 
340 and the second portion of the gate region 320 and gate insulator region 325 acts to 

5 reduce the gate-to-drain capacitance (Cgd) of the device 300. However, the reduction of 
the gate-to-drain capacitance causes an increase in the gate-to-source capacitance (Cgs). 
The charge in the gate region 320, which in a legacy device would have coupled to charge 
in the drain region 335, 340, now acts to increase the induced channel, and hence the 
capacitance between the source and gate. The body 330 and source 315 are couple 

10 together, and therefore effectively increases the gate to source capacitance. 

The closed cell TMOSFET 300, in accordance the present embodiment, 
advantageously provides a low gate-to-drain capacitance (Cgd) to gate-to-source 
capacitance (Cgs) ratio, as compared to the legacy closed cell TMOSFET 200. 
Furthermore, the closed cell TMOSFET 300, in accordance with the present embodiment, 
15 advantageously provides an improved Rds-on*Qgd figure of merit, as compared to both 
the legacy striped TMOSFET 100 and the legacy closed cell TMOSFET 200. 

Referring to Figure 3B, a cross sectional perspective view of a closed cell trench 
metal-oxide-semiconductor field effect transistor (TMOSFET) 300, in accordance with 
one embodiment of the present invention, is shown. The front corner of the cross 
20 sectional perspective view is cut away to show that the parallel and normal-to-parallel 
elongated structures of the drain region 320 are all interconnected. 
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Figure 3B illustrates the induced channel 360 and the flow of charge 380, 318 in 
the on state of the TMOSFET 300. When the potential of the gate region 320, with 
respect to the source regions 315, is increased above the threshold voltage of the device 
300, the conducting channel 360 is induced in the body region 330 along the periphery of 

5 the gate insulator region 325. The device 300 will then conduct current between the drain 
region 340 and the plurality of source regions 315. Charge flows 380 from the proximity 
of the extended portion of the drain region 350, which overlaps the bottom of the first 
portion of the gate region, through the induced channel 360 proximate the first portion of 
the gate region 320, and into the source regions 315. Charge 381 also raps around from 

10 the proximity of the extended portion of the drain region 350, which overlaps the bottom 
of the first portion of the gate region 320, through the induced channel proximate the 
second portion of the gate insulator region 320, and into the source regions 315. 
Accordingly, a component of the current flows from the induced channel 360 in the 
portions of the body region 331, disposed between the drain region 335, 340 and the 

1 5 second portion of the gate region 320 and gate insulator region 325, and into the extended 
portion of the drain region 350. This component of the current acts to decrease the Rds- 
on of the TMOSFET 300, as compared to the conventional striped TMOSFET. 

Furthermore, Figure 3B illustrates the source contact 310 implemented as a single 
conductive layer coupling all the source regions 315, or the like. In such an embodiment 
20 the gate insulator region 325 is also disposed between the gate region 320 and the source 
contact 310. 
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The TMOSFET 300 includes a source contact region 370. The source contact 
region 370 comprises heavily p-doped (P+) semiconductor, such as silicon doped with 
boron. The source contact region 370 provides a low ohmic contact between the source 
contact 315 and the body region 330. 

5 Referring to Figure 4, a cross sectional perspective view of a closed cell trench 

metal-oxide-semiconductor field effect transistor (TMOSFET) 400, in accordance with 
one embodiment of the present invention, is shown. The closed cell TMOSFET 400 
comprises a plurality of source contacts 410, a plurality of source regions 415, a gate 
region 420, a gate insulator region 425, a body region 430, a drain region 335, 440 and a 

10 drain contact 445. The drain region 435, 440 may optionally include a first drain portion 
440 and a second drain portion 435. 

The body region 430 is disposed above the drain region 435, 440. The source 
regions 415, the gate region 420 and the gate insulator region 425 are disposed within the 
body region 430. A first portion of the gate region 420 and the gate insulator region 425 

1 5 are formed as substantially parallel elongated structures 42 1 . A second portion of the 
gate region 420 and the gate insulation region 425 are formed as substantially normal-to- 
parallel elongated structures 422. The first and second portions of the gate region 420 are 
all interconnected and form a plurality of cells. The body region 430 is disposed within 
the plurality of cells formed . by the gate region 420, with a portion of the body region 450 

20 surrounding the first portion of the gate region 42 1 . 



VISH-8728 



17 



Accordingly, the closed cell TMOSFET 400, in accordance with embodiments of 
the present invention, comprises a plurality of open gate-drain regions 450 (e.g., 
selectively blocked by a portion of the body region 430 that encircles the gate region 420) 
arranged in a first plurality of parallel structures 421. The closed cell TMOSFET 400 
5 further comprises a plurality of closed gate-drain regions 45 1 (e.g., the drain region 435 
overlaps the gate region 420) arranged in a second plurality of parallel structures 422 that 
are normal to the open gate-drain regions 450. 

The gate insulator region 425 surrounds the gate region 420. Thus, the gate region 
420 is electrically isolated from the surrounding regions by the gate insulator region 425. 

10 The source regions 415 are formed in the plurality of cells, along the periphery of the gate 
insulator region 425. The source regions 415 are coupled to form a common source of the 
device, by the source contacts 410. Although shown as a plurality of individual source 
contacts 410, it is appreciated that the source contacts 410 may be implemented as a 
single conductive layer coupling all the source regions 415. The source contacts 410 also 

1 5 couple the source regions 4 1 5 to the body region 430. 

In one implementation, the source regions 415 and the drain region 435, 440 are 
heavily n-doped (N+) semiconductor, such as silicon doped with phosphorous or arsenic. 
The body region 430 is p-doped (P) semiconductor such as silicon doped with boron. 
The gate region 420 is heavily n-doped (N+) semiconductor, such as polysilicon doped 
20 with phosphorous. The gate insulator region 425 may be an oxide, such as silicon dioxide. 
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The TMOSFET 400 may optionally include a source contact region (not shown). 
The source contact region comprises heavily p-doped (P+) semiconductor, such as silicon 
doped with boron. The source contact region provides a low ohmic contact between the 
source contact 410 and the body region 430. 

5 When the potential of the plurality of gate regions 420, with respect to the source 

regions 415, is increased above the threshold voltage of the device 400, a conducting 
channel is induced in the body region 430 along the periphery of the gate insulator regions 
425. The device 400 will then conduct current between the drain region 440 and the 
plurality of source regions 415. Accordingly, the device 400 is in its on state. Charge 

1 0 flows from the proximity of the portion of the drain region 45 1 , which overlaps the 
bottom of the second portion of the gate region 420, through the induced channel 
proximate the second portion of the gate region 420, and into the source regions 415. 
Charge also raps around from the proximity of the portion of the drain region 451, which 
overlaps the bottom of the second portion of the gate region 420, through the induced 

15 channel proximate the first portion of the gate region 420, and into the source regions 415. 

When the potential of the plurality of gate regions 420 is reduced below the 
threshold voltage, the channel is no longer induced. As a result, a voltage potential 
applied between the drain region 435, 440 and the plurality of source regions 415 will not 
cause charge to be conducted there between. Accordingly, the device 400 is in its off state 
20 and the junction of the body region 430 and the drain region 435, 440 supports the 
voltage applied across the source region 415 and the drain region 435, 440. 
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If the drain region 435, 440 comprises a second portion 435 disposed above a first 
portion 440, the second portion of the drain region 435 is lightly n-doped (-N) 
semiconductor, such as silicon doped with phosphorous or arsenic, and the first portion 
of the drain region 440 is heavily n-doped (N+) semiconductor, such as silicon doped 
with phosphorous. The lightly n-doped (-N) second portion of the drain region 435 
results in a depletion region that extends into both the body region 430 and the second 
portion of the drain region 435, thereby reducing the punch through effect. Thus, the 
lightly n-doped (-N) second portion of the drain region 435 acts to increase the 
breakdown voltage of the closed cell TMOSFET 410. 

The width of the channel remains a function of the sum of the lengths of the 
source regions 415. Hence, the width of the channel is substantially equal to the legacy 
closed cell MOSFET. Therefore, the on resistance (Rds-on) of the device 400 is 
substantially equal to the legacy closed cell MOSFET 200. 

The induced channel comprises a gate-to-source capacitance. The gate region 420, 
the gate insulator region 425 and the drain region 440 also comprise a gate-to-drain 
capacitance. The portions of the body region 450 disposed between the drain region 435, 
440 and the first portion of the gate region 420 and gate insulator region 425 acts to 
reduce the gate-to-drain capacitance (Cgd). However, the reduction of the gate-to-drain 
capacitance causes an increase in the gate-to-source capacitance (Cgs). The charge in the 
gate region 420, which in a legacy device would have coupled to charge in the drain region 
435, 440, now acts to increase the induced channel, and hence the capacitance between the 
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body and gate. The body 430 and source 41 15 are coupled together, and therefore the 
increased gate-to-body capacitance effectively increases the gate-to-source capacitance 
(Cgs). 

The closed cell TMOSFET 400, in accordance with the present embodiment, 
5 advantageously provides a low gate-to-drain capacitance (Cgd) to gate-to-source 
capacitance (Cgs) ratio, as compared to the legacy closed cell TMOSFET 200. 
Furthermore, the closed cell TMOSFET 400, in accordance with the present embodiment, 
advantageously provides an improved Rds-on*Qgd figure of merit, as compared to both 
the legacy striped TMOSFET 100 and the legacy closed cell TMOSFET 200. 

10 Referring now to Figures 5A-5C, a flow diagram of a method of fabricating a 

closed cell trench metal-oxide-semiconductor field effect transistor (TMOSFET), in 
accordance with one embodiment of the present invention, is shown. As depicted in 
Figures 5A-5C, the process begins, at 502, with various initial processes upon a 
substrate, such as cleaning, depositing, doping, etching and/or the like. The 

1 5 semiconductor substrate comprises a first portion of a heavily doped drain region. In one 
implementation, the first portion of the drain region comprises silicon heavily doped with 
phosphorous (N+). 

At 504, a semiconductor layer is epitaxial deposited upon the substrate. In one 
implementation, the semiconductor layer comprises silicon lightly doped with 
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phosphorous. The epitaxial deposited silicon may be doped by introducing the desired 
impurity, such as phosphorous, into the reaction chamber. 

At 506, a sacrificial oxide layer is formed upon the epitaxial deposited 
semiconductor layer. In one implementation, the sacrificial oxide is formed by oxidizing 
5 the surface of the epitaxial deposited silicon layer. At 508, a barrier layer is deposited 
upon the sacrificial oxide layer. In one implementation, the barrier layer is deposited by 
chemical vapor deposition (CVD) of silicon nitride (SiN4). At 510, a photo-resist is 
deposited and patterned by any-well know lithography process to form a gate trench 
mask. 

10 At 5 1 2, the exposed portions of the barrier layer, sacrificial oxide layer and a 

portion of the first semiconductor layer are etched by any-well known isotropic etching 
method. In one implementation, an ionic etchant interacts with the barrier layer, 
sacrificial oxide layer and first semiconductor layer exposed by the patterned resist layer. 
A plurality of trenches are formed, such that a first set of trenches are substantially 

1 5 parallel to each other and a second set of trenches are substantially normal-to-parallel 
with respect to the first set of trenches. 

At 514, a trench bottom doping is performed in the first set of the trenches. In one 
implementation a p-type impurity, such as boron, is selectively implanted utilizing any 
well-known ion-implant process. The doping process results in the formation of a p- 
20 doped well region that encircles the bottoms of the first set of trenches. 
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In one embodiment, the implant ion flux is orientated at an angle with respect to 
the plane of the wafer. The angle of incident is selected such that the impurity is 
implanted in the first set of trench bottoms, while the second set of trench bottoms are 
not doped. More specifically, if the surface of the barrier layer lies in an x-y plane, the 

5 first set of trenches lie in x-z planes and the second set of trenches lie in y-z planes, the 
angle of orientation is such that the ion flux travels in the x and z directions and not in the 
y direction. Accordingly, the dopant reaches the bottoms of the first set of trenches. The 
barrier layer and/or the sacrificial oxide layers, however, capture the dopant along the 
second set of trenches. Thus, the dopant does not reach the bottoms of the second set of 

10 trenches. The angle of incident is selected as a function of the width the trenches and the 
thickness of the barrier and/or sacrificial oxide layer. Utilizing an ion implant process 
wherein the ion flux is incident upon the wafer at an appropriate angle is advantageous in 
that the patterned photo-resist, barrier layer and sacrificial oxide layer are utilized as a 
mask for both the etching process of 512, the implanting of 514 and the subsequent 

1 5 oxidation process of 5 1 8. Utilizing an ion implant process wherein the ion flux is incident 
upon the wafer at an appropriate angle is also advantageous in that the trench implant is 
self-aligned with the first set of trenches, and the second set of trench bottoms are not 
doped. 

In another embodiment, the patterned resist, barrier layer, and sacrificial oxide 
20 layer are striped. Another sacrificial oxide layer, barrier layer and resist are deposited and 
patterned such that only the first set of trenches are exposed. The ion-implant process is 
then performed such that the angle of incident of the ion flux is substantially normal to 
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the plane of the wafer. Accordingly, the bottoms of the first set of trenches are doped. 
The sacrificial oxide layer, barrier layer and resist are then removed and an additional 
sacrificial oxide layer, barrier layer and resist layer are deposited and patterned such that 
both the first and second set of trenches are exposed. 

5 At 5 16, the gate trench mask is removed utilizing an appropriate resist stripper or 

a resist ashing process. At 518, a dielectric is formed on the walls of the first and second 
set of trenches. In one implementation, the dielectric is formed by oxidizing the surface of 
the silicon to form a silicon dioxide layer. The resulting dielectric along the trench walls 
forms a gate region dielectric. 

10 At 520, a polysilicon layer is deposited in the first and second set of trenches to 

form a gate region. In one implementation, the polysilicon is deposited in the trenches by 
a method such as decomposition of silane (Silfy). The polysilicon is doped with n-type 
impurity such as phosphorous or arsenic. The polysilicon may be doped by introducing 
the impurity during the deposition process. 

15 At 522, an etch-back process is performed to remove excess polysilicon on the 

surface of the wafer and the first barrier layer. In one implementation, the excess 
polysilicon and the barrier layer are removed by a chemical mechanical polishing (CMP) 
process. 
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At 526, a second photo-resist is deposited and patterned to form a body region 
mask. The body region mask defines a plurality of cells, which are defined by the area 
inside the gate region. At 530, the exposed portion of the epitaxial deposited 
semiconductor layer is doped to form body regions in the plurality of cells. In one 
5 implementation, the doping process implants a p-type impurity, such as boron, in the 
upper portion of the epitaxial deposited semiconductor layer. A high temperature 
thermal cycle may be utilized to drive in the body region doping. Accordingly, the lower 
portion of the epitaxial deposited semiconductor layer forms a lightly doped second drain 
portion. At 532, the body region mask is removed. 

10 A third photo-resist is deposited and patterned to form a source region mask, at 

536. The source region mask defines a source region in each cell adjacent the gate oxide 
region. At 540, the portion of the first semiconductor layer, left exposed by the source 
region mask, is doped to form source regions. In one implementation, the doping process 
comprises heavily implanting an n-type impurity, such as phosphorous, into the 

1 5 plurality of cells adjacent the gate oxide region. A high temperature thermal cycle may be 
utilized to drive in the source region doping. At 542, the source region mask is removed. 

At 544, a dielectric layer is deposited upon the wafer. In one implementation, the 
dielectric layer is deposited by decomposition of tetraethylorthosilicate (TEOS) in a 
chemical vapor deposition (CVD) system. 
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At 548, a fourth photo-resist layer is deposited and patterned to define a source- 
body contact mask above each cell. At 550, the portion of the dielectric layer left 
exposed by the source-body contact mask is etched. The source-body contact mask is 
removed at 552. 

At 554, a source-body metal layer is deposited on the surface of the wafer. In one 
implementation, the source-body metal layer is deposited by any well-known method 
such as sputtering. The source-body metal layer forms a contact with the body and 
source regions left exposed by the patterned dielectric. The source-body metal layer is 
isolated from the gate region by the patterned dielectric layer. The source-body metal 
layer is then patterned utilizing a photo-resist mask and selective etching method as 
needed, at 556. 

At 558, fabrication continues with various other processes. The various 
processes typically include etching, deposition, doping, cleaning, annealing, passivation, 
cleaving and/or the like. 

Referring now to Figures 6A-6C, a flow diagram of a method of fabricating a 
closed cell trench metal-oxide-semiconductor field effect transistor (TMOSFET), in 
accordance with one embodiment of the present invention, is shown. As depicted in 
Figures 6A-6C, the process begins, at 602, with various initial processes upon a 
substrate, such as cleaning, depositing, doping, etching and/or the like. The 
semiconductor substrate comprises a first portion of a heavily doped drain region. In one 
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implementation, the first portion of the drain region comprises silicon heavily doped with 
phosphorous (N+). 



At 604, a semiconductor layer is epitaxial deposited upon the substrate. In one 
implementation, the first semiconductor layer comprises silicon lightly doped with 
5 phosphorous. The epitaxial deposited silicon may be doped by introducing the desired 
impurity, such as phosphorous, into the reaction chamber. 

At 606, a sacrificial oxide layer is formed upon the epitaxial deposited 
semiconductor layer. In one implementation, the sacrificial oxide is formed by oxidizing 
the surface of the epitaxial deposited silicon layer. At 608, a barrier layer is deposited 
10 upon the sacrificial oxide layer. In one implementation, the barrier layer is deposited by 
chemical vapor deposition (CVD) of silicon nitride (SiN4). 



At 610, a photo-resist is deposited and patterned by any well-know lithography 
process to form a gate trench mask. At 612, the exposed portions of the barrier layer, 
sacrificial oxide layer and a portion of the first semiconductor layer are etched by any- 
15 well known isotropic etching method. In one implementation, an ionic etchant interacts 
with the barrier layer, sacrificial oxide layer and first semiconductor layer exposed by the 
patterned resist layer. A plurality of trenches are formed, such that a first set of trenches 
are substantially parallel to each other and a second set of trenches are substantially 
normal-to-parallel with respect to the first set of trenches. 
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At 614, a first trench bottom doping is performed in the first set of the trenches. 
In one implementation an n-type impurity, such as phosphorous, is selectively implanted 
utilizing any well-known ion-implant process. The doping process results in the 
formation of an n-doped region that extends downwardly from the bottoms of the first set 
5 of trenches. In one embodiment, the implant ion flux is orientated at a first angle with 
respect to the plane of the wafer. The first angle of incident is selected such that the 
impurity is implanted in the first set of trench bottoms, while the second set of trench 
bottoms are not doped with the n-type impurity. 

At 616, a second trench bottom doping is performed in the second set of trenches. 
In one implementation a p-type impurity, such as boron, is selectively implanted utilizing 
any well-known ion-implant process. The doping process results in the formation of a p- 
doped region that extends downwardly from the bottoms of the second set of trenches. 
In one embodiment, the implant ion flux is orientated at a second angle with respect to the 
plane of the wafer. The second angle of incident is selected such that the impurity is 
implanted in the second set of trench bottoms, while the first set of trench bottoms are 
not doped with the p-type impurity. 

Utilizing a first and second ion implant process wherein the ion flux is incident 
upon the wafer at an appropriate first and second angle, respectively, is advantageous in 
that the patterned photo-resist, barrier layer and sacrificial oxide layer is utilized as a 
20 mask for both the etching process of 612, the implanting processes of 614 and 616, and 
the subsequent oxidation process of 620. Utilizing an ion implant process wherein the 
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ion flux is incident upon the wafer at an appropriate first and second angle is also 
advantageous in that the trench implant is self-aligned with the first and second set of 
trenches, respectively. 

At 618, the gate trench mask is removed utilizing an appropriate resist stripper or 
5 a resist ashing process. At 620, a dielectric is formed on the walls of the first and second 
set of trenches. In one implementation, the dielectric is formed by oxidizing the surface of 
the silicon to form a silicon dioxide layer. The resulting dielectric along the trench walls 
forms a gate region dielectric. 

At 622, a polysilicon layer is deposited in the first and second set of trenches to 
10 form a gate region. In one implementation, the polysilicon is deposited in the trenches by 
a method such as decomposition of silane (Silfy). The polysilicon is doped with n-type 

impurity such as phosphorous or arsenic. The polysilicon may be doped by introducing 
the impurity during the deposition process. 

At 624, an etch-back process is performed to remove excess polysilicon on the 
15 surface of the wafer and the barrier layer. In one implementation, the excess polysilicon 
and the barrier layer are removed by a chemical mechanical polishing (CMP) process. 

At 628, a second photo-resist is deposited and patterned to form a body region 
mask. The body region mask exposes a plurality of cells, which are defined by the area 
inside the gate region. At 632, the exposed portion of the first semiconductor layer is 
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doped to form body regions in the plurality of cells. In one implementation, the doping 
process implants a p-type impurity, such as boron, from the surface of the wafer to just 
bellow the bottoms of the gate dielectric region. A high temperature thermal cycle may be 
utilized to drive in the body region doping. At 634, the body region mask is removed. 

5 A third photo-resist is deposited and patterned to form a source region mask, at 

638. The source region mask defines a source region in each cell adjacent the gate oxide 
region. At 642, the portion of the first semiconductor layer, left exposed by the source 
mask, is doped to form source regions. In one implementation, the doping process 
comprises heavily implanting an n-type impurity, such as phosphorous, into the 
10 plurality of cells adjacent the gate oxide region. A high temperature thermal cycle may be 
utilized to drive in the source region doping. At 644, the source mask is removed. 

At 646, a dielectric layer is deposited upon the wafer. In one implementation, the 
dielectric layer is deposited by decomposition of tetraethylorthosilicate (TEOS) in a 
chemical vapor deposition (CVD) system. 

15 A fourth photo-resist is deposited and patterned to define a source-body contact 

mask above each cell, at 650. At 652, the portion of the dielectric layer left exposed by 
the source-body contact mask is etched. At 654, the source-body contact mask is 
removed. 
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At 656, a source-body metal layer is deposited on the surface of the wafer. In one 
implementation, the source-body metal layer is deposited by any well-known method 
such as sputtering. The source-body metal layer forms a contact with the body and 
source regions left exposed by the patterned dielectric. The source-body metal layer is 
5 isolated from the gate region by the patterned dielectric layer. The source-body metal 
layer is then patterned utilizing a photo-resist mask and selective etching method as 
needed, at 658. 

At 660, fabrication continues with various other processes. The various 
processes typically include etching, deposition, doping, cleaning, annealing, passivation, 
1 0 cleaving and/or the like. 

Referring now to Figures 7A-7C, a flow diagram of a method of fabricating a 
closed cell trench metal-oxide-semiconductor field effect transistor (TMOSFET), in 
accordance with one embodiment of the present invention, is shown. As depicted in 
Figures 7A-7C, the process begins, at 702, with various initial processes upon a 
15 substrate, such as cleaning, depositing, doping, etching and/or the like. The 

semiconductor substrate comprises a first portion of a heavily doped drain region. In one 
implementation, the first portion of the drain region comprises silicon heavily doped with 
phosphorous (N+). 

At 704, a first portion of a semiconductor layer is epitaxial deposited upon the 
20 substrate. In one implementation, the first portion of the semiconductor layer comprises 
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silicon lightly doped with phosphorous. The epitaxial deposited silicon may be doped by 
introducing the desired impurity, such as phosphorous, into the reaction chamber. 

At 706, a sacrificial oxide layer is formed upon the first portion of the 
semiconductor layer. In one implementation, the sacrificial oxide is formed by oxidizing 
5 the surface of the first portion of the epitaxial deposited first semiconductor layer. At 
710, a photo-resist is deposited and patterned to form a buried layer mask. 

At 714, a shallow implant process is performed to form a plurality of shallow 
doped regions, which are substantially parallel to each other. In one implementation an n- 
type impurity, such as phosphorous, is selectively implanted utilizing any well-known 
10 ion-implant process. 

At 716, the patterned resist is removed utilizing an appropriate resist stripper or a 
resist ashing process. At 718, the sacrificial oxide layer is removed utilizing a chemical 
mechanical polishing (CMP) process. 

At 720, a second portion of the semiconductor layer is epitaxially deposited upon 
15 the substrate. The thermal cycle of the second portion of the epitaxial process and other 
subsequent thermal cycles causes the shallow doped regions to diffuse to form an n- 
doped buried layers extending up to the bottom of the subsequently formed first set of 
trenches. 
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At 722, a second sacrificial oxide layer is formed upon the epitaxial semiconductor 
layer. At 724, a barrier layer is deposited upon the second sacrificial oxide layer. In one 
implementation, the barrier layer is deposited by chemical vapor deposition (CVD) of 
silicon nitride (SiN4). At 726, a second photo-resist is deposited upon the barrier layer 

5 and patterned to form a gate trench mask. 

At 728, the exposed portions of the barrier layer, second sacrificial oxide layer and 
semiconductor layer are etched by any-well known isotropic etching method. A plurality 
of trenches are formed, such that a first set of trenches are substantially parallel to each 
other and a second set of trenches are substantially normal-to-parallel with respect to the 
10 first set of trenches. Each of the first set of trenches is also substantially aligned to a 
respective one of the plurality of buried layer. 

At 730, a trench bottom doping is performed in the second set of the trenches. In 
one implementation a p-type impurity, such as boron, is selectively implanted utilizing 
any well-known ion-implant process. The implant ion flux is orientated at an angle with 

15 respect to the plane of the wafer. The angle of incident is selected such that the impurity 
is implanted in the second set of trench bottoms, while the first set of trench bottoms are 
not doped. More specifically, if the surface of the barrier layer lies in an x-y plane, the 
first set of trenches lie in x-z planes and the second set of trenches lie in y-z planes, the 
angle of orientation is such that the ion flux travels in the y and z directions and not in the 

20 x direction. Accordingly, the dopant reaches the bottoms of the second set of trenches. 
The barrier layer and/or the sacrificial oxide layers, however, capture the dopant along the 
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first set of trenches. Thus, the dopant does not reach the bottoms of the first set of 
trenches. The angle of incident is selected as a function of the width the trenches and the 
thickness of the barrier and/or sacrificial oxide layer. The doping process results in the 
formation of a p-doped region extending down from the bottoms of the second set of 
5 trenches. 

Utilizing an ion implant process wherein the ion flux is incident upon the wafer at 
an appropriate angle is advantageous in that the patterned photo-resist, barrier layer and 
sacrificial oxide layer are utilized as a mask for both the etching process of 728, the 
implanting of 730 and the subsequent oxidation process of 734. Utilizing an ion implant 
10 process wherein the ion flux is incident upon the wafer at an appropriate angle is also 

advantageous in that the trench implant is self-aligned with the second set of trenches, and 
the first set of trench bottoms are not doped. 

At 732, the second resist layer is removed. At 734, a dielectric is formed on the 
walls of the first and second set of trenches. In one implementation, the dielectric is 
1 5 formed by oxidizing the surface of the silicon to form a silicon dioxide layer. The 
resulting dielectric along the trench walls forms a gate region dielectric. 

At 736, a poly silicon layer is deposited in the first and second set of trenches to 
form a gate region. In one implementation, the polysilicon is deposited in the trenches by 
a method such as decomposition of silane (Silfy). The polysilicon is doped with n-type 

20 impurity such as phosphorous or arsenic. The polysilicon may be doped by introducing 
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the impurity during the deposition process. At 738, an etch-back process is performed to 
remove excess polysilicon on the surface of the wafer, barrier layer and second sacrificial 
oxide layer. 

At 742, a third photo-resist is deposited and patterned to form a body region 
5 mask. The body region mask exposes a plurality of cells, which are defined by the area 
inside the gate region. At 746, the exposed portion of the epitaxial deposited 
semiconductor layer is doped to form body regions in the plurality of cells. In one 
implementation, the doping process implants a p-type impurity, such as boron, from the 
surface to just bellow the bottoms of the gate dielectric region. A high temperature 
10 thermal cycle may be utilized to drive in the gate region doping. At 748, the body region 
mask is removed. 

A fourth photo-resist is deposited and patterned to form a source region mask, at 
752. The source region mask defines a source region in each cell adjacent the gate oxide 
region. At 756, the portion of the epitaxial deposited semiconductor layer, left exposed 
15 by the source region mask, is doped to form source regions. In one implementation, the 
doping process comprises heavily implanting an n-type impurity, such as phosphorous, 
into the plurality of cells adjacent the gate oxide region. A high temperature thermal cycle 
may be utilized to drive in the source region doping. At 758, the source region mask is 
removed. 
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At 760, a dielectric layer is deposited upon the wafer. In one implementation, the 
dielectric layer is deposited by decomposition of tetraethylorthosilicate (TEOS) in a 
chemical vapor deposition (CVD) system. 

A fifth photo-resist is deposited and patterned to define a source-body contact 
5 mask above each cell, at 764. At 766, the portion of the dielectric layer left exposed by 
the source-body contact mask are etched. The source-body contact mask is removed, at 
768. 

At 770, a source-body metal layer is deposited on the surface of the wafer. In one 
implementation, the source-body metal layer is deposited by any well-known method 
10 such as sputtering. The source-body metal layer forms a contact with the body and 
source regions left exposed by the patterned dielectric. The source-body metal layer is 
isolated from the gate region by the patterned dielectric layer. The source-body metal 
layer is then patterned utilizing a photo-resist mask and selective etching method as 
needed, at 772. 

15 At 774, fabrication continues with various other processes. The various 

processes typically include etching, deposition, doping, cleaning, annealing, passivation, 
cleaving and/or the like. 

The foregoing descriptions of specific embodiments of the present invention have 
been presented for purposes of illustration and description. They are not intended to be 
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exhaustive or to limit the invention to the precise forms disclosed, and obviously many 
modifications and variations are possible in light of the above teaching. The embodiments 
were chosen and described in order to best explain the principles of the invention and its 
practical application, to thereby enable others skilled in the art to best utilize the 
5 invention and various embodiments with various modifications as are suited to the 

particular use contemplated. It is intended that the scope of the invention be defined by 
the Claims appended hereto and their equivalents. 
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